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Relation of dark cells to the transport of H/HCO3 and K ions: A
microperfusion study in the rat submaxillary duct. Transport of Na',
and H1HC01 by the epithelium of the main excretory duct of the rat
submaxillary gland was determined in rats subjected to metabolic
acidosis and metabolic alkalosis. In addition, the morphology of the
epithelium, which is composed of basal, light, and dark cells, was
studied to find a structural functional correlationship. The following
results were obtained: In metabolic acidosis, HC03 secretion de-
creased from 2.4 1.4 to 0.1 0.9 nmoles/min duct (P < 0.05) and K'
secretion decreased from 28 3 to 22 3 nmoles/min 'duct (P < 0.05).
Na reabsorption was reduced from 38 3 to 31 4 nmoles/min duct
(P < 0.2). In metabolic alkalosis, HC01 secretion increased from 2.4
1.4 to 9.9 3.1 nmoles/min duct (P < 0.05) and K secretion rose
from 28 3 to 35 4 nmoles/min duct (P < 0.05). Na reabsorption
was not changed significantly. The incidence of the three cell types,
identified by their response to PAS, varied with respect to light and
dark cells only. A diminution or augmentation of light cells (Li, PAS)
occurred to the benefit or to the expense, respectively, of dark cells
(III, PAS). In metabolic acidosis, 17 1% dark cells were visualized
by PAS staining as compared with 10 IT in the controls (P < 0.01).
The number of light cells decreased at the same time from 61 3% to 54
3% (P < 0.01), whereas the undifferentiated basal cells remained
constant at 29 1% of the total duct cells. In metabolic alkalosis the
number of visible dark cells diminished from 10 1% to 7 1% (P <
0.01) and the number of light cells rose from 61 3% to 64 3% (P <
0.01), whereas the number of basal cells again remained constant at 29
1%. In terms of their morphology, light cells have to be divided into
two groups: lIa and IIb. lIb light cells closely resemble dark cells (Ill,
PAS) with respect to their shape and nuclear characteristics. ha type
light cells always remain constant, whereas llb cells totally disappear in
metabolic acidosis but are augmented in metabolic alkalosis. Among the
dark cells (Iii) there are PAS and HALMI - cells (lila) and PAS and
HALMI (IlIb) cells. These two subtypes are subject to alterations
occurring in the same manner: increase in acidosis and decrease in
alkalosis. That is, the direction of their evolution runs opposite to that
of the hib cells, it can therefore be concluded that the lib, lila, and ilib
cells constitute a constant percentage of the duct cell population, the so-
called dark cell system. Within this group, the morphological transfor-
mations occur in response to changes in acid-base balance. A structural
evaluation of the findings yields a positive correlation between the
number of PAS cells (lila and ilIb) and H' secretion (or HC03
reabsorption) and a negative correlation with K secretion into the
lumen. In the cortical collecting duct of the kidney and in the toad
urinary bladder, increased H transport is also associated with morpho-
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logical modifications, which closely resemble those of the salivary duct.
This suggests the general importance of the dark cells in the transport of
H/HCO3 and K' ions.
Le rapport des cellules sOmbres aux transferts des ions H"/HCO3" et
K: L'etude de microperfusion dans le canal sous-maxillaire du rat. Les
transferts de Nat, K et H/HCO3 par La parai du canal salivaire du
rat, perfuse in situ, sont mesurés chez des animaux témoins, en acidose
métabolique ou en alcalose mCtaboiique. Simultanément est étudiée Ia
morphologie de i'épithélium, compose des cellules dites basales. claires
et sombres, a Ia recherche d'une correlation structuro fonctionnelle.
Les résultats suivants ant ét obtenus
nmoles/min Acidose Alcalose
duct metabolique Témoins metabolique
HC03
sécrétion 0.1 0.9 2.4 1.4 9.9 3.1 P <0.05
K sécrétion 22 3 28 3 35 4 P < 0.05Na
reabsorption 31 4 38 39 P<0.2
Les pourcentages respectifs des cellules basales 1, des cellules dites
claires II, a cytoplasme PAS et des celiules dites sombres Lii a
cytoplasme PAS sont modifiées par diminution ou augmentation des
cellules claires (II) au profit ou au dépens des cellules sombres (ill).
per 100 duct ce//s
Acidose
metabolique Témoins
Alcalose
metabolique
Cellules
basales (1) 29 1 29 1 29 I
Cellules
claires (II) 54 3 61 3 64 3 p < 0.01
CelluIes
sombres (III) 17 1 10 1 7 I P < 0.01
L'anaiyse morphologique systdmatique permet de sCparer deux
groupes parmi les cellules II a cytoplasme PAS, lla et hib. celles-ci
ayant bien des caractères communs avec les celluies Ill. Le nombre de
cellules ha ne vane pas, que l'animal soit en acidose ou en alcalose. Les
cellules lIb disparaissent, parfois totalement, en acidose metabolique et
augmentent en alcalose metabolique. En outre, parmi les cellules ill il
en est qui sont PAS et HALMU (lIla) et d'autres PAS HALM1
(hlIb). Ces deux populations lila et ILIb subissent les modifications
dans Ic méme sens, augmentant en acidose, diminuant en alcalose. Elles
évoluent donc dans une direction opposée a celle de La population Ilb.
On peut alors considérer que les cellules lIb, Lila et Ilib constituent un
ensemble, formant un pourcentage constant de Ia population globale. A
l'intérieur de ce groupe surviennent des transformations morpholo-
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giques, selon que l'animal est en état physiologique, en acidose ou en
alcalose métabolique. Nous proposons d'appeler cet ensemble cellu-
laire le dark cell system. Le rapprochement des résultats physiolo-
giques et morphologiques montre une correlation positive entre le
nombre de cellules a cytoplasme PAS (Itla + Ilib) et les transferts de
H (ou a reabsorption de HCO) vers Ia lumière du canal salivaire. En
revanche, une correlation negative apparait entre le nombre de cellules
PAS et Ia sécrétion de K vers Ia Iumière du canal. Dans deux autres
structures, tube contourné distal et collecteur cortical du rein d'une
part, vessie de crapaud d'autre part, l'augmentation des transferts de
H vers Ia lumière est associée a des modifications morphologiques.
Celles-ci sont proches et parfois méme identiques a celles observées sur
le canal salivaire du rat ce qui suggere que les correlations degagees
dans le present travail pourraient avoir une portée generale.
Morphological alterations in highly differentiated cells of the
rat distal nephron which coincide with changes in H/HCO3
transport were first described by Hagège, Richet, and Gabé [1]
and other investigators [2—4] following their studies with light
microscopy. Using scanning electron microscopy, the same
authors [5, 6] discovered that respiratory acidosis and metabol-
ic alkalosis produce marked changes in the surface morphology
of the rat distal nephron, for example, increases of the density
of microvilli and microplicae. However, Hansen, Tisher, and
Robinson 171 did not find changes in the total number of
intercalated ("dark") or principal ("light") cells during the
experimental acid-base changes. On the other hand, similar
morphological changes in surface characteristics associated
with alterations in H secretion have been reported to occur in
the parietal cell of the stomach [8—101 and in carbonic-anhy-
drase-rich cells in the turtle bladder [II], which is used as a
model for urinary acidification by the distal nephron. Further-
more, scanning electron microscopy under increased H secre-
tion conditions revealed more "dark" cells in the toad urinary
bladder than in the controls [121.
To study whether or not there is a definite relationship
between H/HCO3 transport and morphological changes in-
volving light and dark cells, we carried out experiments on the
main excretory duct of the rat submaxillary gland. This duct
suits our purposes as it allows for a quantitative evaluation of
both factors. On one hand, this duct is composed of three cell
types: undifferentiated basal, and highly differentiated light and
dark cells [13—15]. They are easily distinguishable with light
microscopy, a tool that provides an easy, accurate, and repro-
ducible differential counting. On the other hand, the duct
epithelium transports Nat, K, and H4/HCO3 [16—191, and
K and HC03 either accumulate or diminish within the duct
lumen in response to the acid-base condition of the animal [201.
Our study shows that there is a direct relationship between
the transport of H/HCO3 and K ions and the number of
dark cells visualized in the duct epithelium. The analogy of the
dark cell phenomenon in the salivary duct and in the above-
mentioned epithelia suggests that the correlation between the
structural and physiological changes might be of general
significance.
Methods
Determination of electrolyte fluxes
The techniques used for both microperfusion of the rat
submaxillary main duct and the monitoring of the transepithelial
electrical potential difference have been described in detail
elsewhere [16—19]. In brief, after the Wistar rats, 300 g body wt,
were anesthesized with Inactinx (thiobarbiturate, 100 mg/kg
body wt), a polyethylene catheter (tip diameter 200 rm) was
inserted into the lumen of the duct at the glandular hilum of
each rat. The catheter was attached to a plexiglas T-tube, one
arm of which was connected to a precision syringe, driven by a
constant perfusion pump, while the other arm was connected to
a calomel half-cell in saturated KCI-agar. A symmetrical refer-
ence electrode was inserted into the animal's connective tissue.
The transepithelial potential difference (PD) was measured with
a Knick electrometer and recorded on a penrecorder
(Metrawatt servogor). The perfusion rate was 1.25 Ll/min. The
perfusate was collected under oil from a short catheter inserted
into the oral opening of the duct. The solution used for
perfusion was bicarbonate — Ringer, containing (in millimolars)
142Na,4K,2.5Ca,l.5Mg,l27Cl,27HCO3.Traces
of 4C-carboxyl-inulin were added to the perfusion fluid to
measure very small net water fluxes known to be present across
the duct epithelium. Na and K4 concentrations were deter-
mined by flamephotometry. HC03 concentrations were deter-
mined according to the Henderson-Hasselbalch equation using
measurements of pH at a known temperature and carbon
dioxide tension made with an ultramicro pH-electrode (Gtnier
Industrial Village, Londonderry, New Hampshire). For the pH
determination, fluid samples of 5 to 10 il were kept under oil in
a closed chamber. The oil was equilibrated with carbon dioxide
for at least 15 mm. The slope of the pH electrodes was 58 to 60
mV per pH unit. The following constants were used: pK1 =6.1,
a = 0.03, HC03 determination was also controlled via the
anion deficit represented by the difference between the sum of
the cation concentrations and the chloride concentration. Chlo-
ride was measured by electrotitration [16]. Both methods of
HCO3 determination yielded the same results. Transductal net
fluxes of Nat, K, and HCO, were determined by multiplying
the concentration differences of the perfusion fluid and the
collected perfusate by the perfusion rate after water flux
correction as indicated by the inulin ratio. The transport data
are expressed as the mean SEM. Analysis of variance was
used for comparison between the groups of animals.
Induction of metabolic alkalosis and metabolic acidosis
For the induction of an acute metabolic alkalosis and acido-
sis, respectively, the rats received 0.56 M NaHCO3 or 0.56 M
NH4CI (3 x 2.0 ml) at 2-hr intervals via a gastric gavage, as was
described earlier [2]. The control rats received either 0.15 M
NaCI, 0.56 M NaCI, or no solution. Since there was no
difference among these three control groups, the results were
pooled. The composition of duct luminal fluid' has not been
determined in animals sacrificed for histology. In those rats
(control, 19; metabolic acidosis, 10; metabolic alkalosis, 9) the
salivary duct was not perfused with HC03 Ringer.
We know from micropuncture studies of the submaxillary gland
[22—24] and perfusion studies of the duct 116—181 that the primary
secretion in the glandular acini has an almost plasma-like ionic composi-
Lion. As it passes down the duct system, it is modified to a fluid similar
to the intracellular fluid due to ductal ion transport mechanisms. Thus
in the resting gland, ductal (Na) is very low. (K) is very high, and
(HC03) is about 50 mrvi. It is not known whether or not acid-base
disturbances significantly change the ionic composition of ductal resting
fluid.
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4 : p 352 Knaufet alTable 1. Arterial blood pH, HC03 concentration and Pco2 (meansEM) of control rats (N = 19) and rats under conditions of metabolicacidosis (N = 10) and metabolic alkalosis (N = 9), induced 4.5 hrprior to the experimentAcidosispH 7.39 0.01 7.25 0.03 7.59 0.02HCO3 21.3 0.8 msi 14.8 2.3 m 28.2 0.5 mPco2 40 2 mm Hg 32 3 mm Hg 47 3 mm Hg
Specimens of the ducts were fixated in Bouin's solution for 4
to 6 hr, dehydrated by the vacuum method, and embedded in
paraffin. Thin longitudinal serial sections, ito 2 p., were stained
in alternating sequences with hematoxylin eosin, periodic acid
SCHIFF's reagent (PAS), according to Graumann's [25] stan-
dardization of the methods of McManus [26] and Hotchkiss
27], and by HALMI's counterstaining method [28] with light
green orange G and phosphotungstic acid. PAS staining, which
contains basic fuchsin, discloses cytoplasmic heterochromy
(ch), the marker of dark cells [29] (type III). Halmi's method
reveals cytoplasmic basophilia, which is present only in some
dark cells of ductal epithelium [13, 141. Light cells (type II) were
those that exhibited no ch with PAS staining. Moreover, on a
morphological basis, they could be distinguished easily from
basal cells (type I). The quantitative evaluation was performed
only on longitudinal sections stained with the PAS and HALMI
method using high magnification (x 1000, Leitz, Orthoplan).
First, we counted the cells of the two control groups to arrive at
standardized principles of classification. Differential counting
was then carried out on 100 duct cells of one section; each rat
provided 30 to 40 sections. Then three of us took our own count
three times, independently of the others, without having knowl-
edge of the animal's condition. The mean value of these three
countings was taken as the result for each animal. For compar-
ing the iiiidence of cell types per 100 duct cells the x2 statistic
was used.
Results
Electrolyte transport
The acutely induced blood acid-base disturbances (metabolic
acidosis and alkalosis) of rats are listed in Table 1 and compared
to the controls. Under these conditions, net transepithelial
electrolyte fluxes were determined and the transepithelial elec-
trical PD was monitored during perfusion of the salivary duct
with HC03 Ringer solution (Fig. 1). The data show that
significant (P < 0.05) changes of transport of K and HC032
occurred following the alterations of acid-base condition: In
Fig. 1. Transepithelial net transport of Nat, K, and HCO in the
main excretory duct of submaxillary gland in control rats and in rats
under conditions of metabolic acidosis and metabolic ulkalosis induced
4.5 hr prior to the experiment. Mean SCM and N = 10 animals in each
experimental series as is represented in the columns. The right ordinate
gives the electrical potential difference between duct lumen and intersti-
tium (lumen negative).
metabolic alkalosis net secretion of K and of HC03 by the
duct was increased from 28 3 and from 2.4 1 .4 nmoles/min
duct to 35 4 and 9.9 3.1 nmo1es/min duct. In metabolic
acidosis net secretion of K and of HCO3 was reduced from
28 3 and from 2.4 1.4 nmoles/min duct to 22 3 and 0.1
0.9 nmoles/min duct. Net sodium reabsorption did not signifi-
cantly change in either case of acid-base condition; only a slight
decrease in Na reabsorption in acidotic animals was observed
(P < 0.2). The electrical potential difference between duct
lumen and interstitium was 68 5 mV (lumen negative) in
control rats and did not deviate significantly either in acute
acidosis (65 7 mV) or in alkalosis (69 6 mV).
Morphological findings
The basal cells (type I) of the 19 control rats form an
homogenous population. They are distributed longitudinally
along the basement membrane, their shape is regular, their
nucleus small and dense, and their staining affinities identical.
The other cells (II and III) extend perpendicularly to the
luminal surface of the duct and their nuclei point to the lumen.
There are two categories of highly differentiated cells according
to their shape and staining affinities with each group having two
subtypes (Fig. 2, Table 2). Type II cells are light (PAS
cytoplasm). ha cells are large, cuboid, with an oval or round
scarified nucleus. lib cells are narrow with small nuclei. lila
cells have a shape and nucleus identical to lIb, but their
cytoplasm is PAST and HALMI. Ilib cells are identical to the
lila cells but show PAS and HALMI staining characteristics.
By means of PAS staining (228 countings), one could thus
determine the percent distribution of epithelial cells: 29% basal
cells (I), 61% PAS (ha and lIb), 10% dark cells PAS (lila and
Ihib). The differentiation of lila and hlib can only be achieved
by HALMI staining (Fig. 3).
In rats with acid-base disturbances, neither the structure, the
number of basal cells, nor their regular alignment along the
Controls Alkalosis
Histology
Acidosis Control Alkalosis
2 By "secretion" of HC03 is meant that HCO1 ions are accumulat-
ed in the lumen of the duct. "Reabsorption" means a decrease of
HCO concentration in the sample when compared with the perfusate.
Although concepts of "HC03 secretion" as opposed to "H reab-
sorption" are mechanistically quite distinct, analytically these are not
as yet distinguishable in intact tissues. A primary H porter is only well
established in vesicles 130]. Therefore, under conditions of freely
diffusible C02, "HCO3 -secretion" may be considered equivalent to
"Htreabsorption" by the epithelium. The given transport represents
net transport, which may be the resultant of bidirectional H transport.
Thus, a decrease of net HCO3 secretion may result from an increase in
H secretion by one of the different cell types.
hub tub fib
tuth Lihb Lila
I
fib
Jib
4
C
a
aS aFig. 2. Maximal manifestation of the darkcell system in metabolic acidosis. Longitudi-nal section of the main excretory duct of rat
submaxillary gland (Leitz, Orthoplan). A
Upper part: HALMI's staining, three dark
cells, type Ilib (see arrows). B Lower part:
PAS staining, four dark cells, type lila and
Ilib (see arrows). (x960)
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basement membrane was changed. The percentage of duct cells
was 29.1 1.0 in each experimental condition.
In contrast to the basal cells, the percent distribution of light
and dark cells exhibited changes during acid-base disturbances,
which was statistically significant for PAS (P < 0.01) and
HALMI staining as well (P < 0.01). As shown in Figure 3,
metabolic acidosis yielded an augmentation of the dark cells
demonstrable by PAS staining from 10 1% to 17 1% and by
HALMI staining from 8 ito 12 2%. Inversely, in metabolic
alkalosis the dark cells diminished from 10 1% to 7 1%
(PAS) and from 8 1% to 5 1% (HALMI) of duct cells. The
change in percent distribution of lila and Ilib type cells
occurred at the expense or to the benefit, respectively, of type
lib cells, which disappeared in metabolic acidosis and reached a
maximum of 10% in metabolic alkalosis. The number of type ha
cells was always 54% of the total duct cells and did not change
under acid-base disturbances.
Discussion
The following conclusions can be drawn from our observa-
tions: (1) HC03 secretion was practically zero in metabolic
acidosis whereas it was high in metabolic alkalosis. Consider-
able HCOI absorption in acidosis and small HCO3 secretion
in alkalosis was also observed in the cortical collecting duct of
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Narrow Small
dense
oval
Narrow Small
dense
oval
potential dark cells
NH4CI NaCI Control NaHCO5 NH4CI NaCI Control NaHCO3
N—b N=9 N=bO N=9
Fig. 3. Incidence of cell types per 100 duct cells Left panel: experimen-
tal results of percent distribution of the cell types of the main excretory
duct of the rat submaxillary gland obtained under various conditions
(abscissa) induced 4.5 hr prior to histological preparation. The basal
cells remain 29% of the total duct cells. Administration of NH4CI causes
a significant increase in the number of dark cells for PAS (P < 0.05).
Administration of NaHCO3 is followed by a reduction of the number of
visible dark cells (P < 0.05). The mean SEM is given; N = number of
rats. Right panel: interpretation of the experimental data according to
cell classification in Table 2. The lib type cell varies inversely to lila
and Ilib cells. The dark cell population remains constant under all
conditions. The degree of cytoplasmic heterochromy is greatest in
metabolic acidosis and lowest in alkalosis.
the rabbit kidney [31—331. Salivary duct secretion of K paral-
leled HC03 secretion, which concurs with our earlier findings
[19, 20, 34j. One explanation for coupling K transport with
H/HCO3 transfer may be an H:K antiporter [341, since the
transepithelial electrical and chemical gradient for K was not
changed significantly. (2) Function changes were accompanied
by morphological changes; more PAS cells were observed in
metabolic acidosis, fewer in metabolic alkalosis. (3) By PAS
staining more dark cells were visualized than by HALMI
Basal cells staining, that is, some of the PAS -stained cells were
HALMF-stained cells. However, the number of PAST and
HALMI cells varies in the same way. Simultaneously, the
True light cells number of lib cells varies inversely to the rate of H transport
Ha into the lumen of the duct. (4) Generations of PAS or PAS
cells could be ruled out due to the short time needed to induce
the changes (less than 4 hr) and the absence of obvious mitosis.
A degenerative process of the PAST cells in metabolic alkalosis
is also very unlikely, as in the kidney similar quantitative
changes in cell population are reversible [21. Thus, it can he
assumed that PAS is related to a cytoplasmic transformation
and may be considered the morphological counterpart of phys-
iological changes.
Visible and hidden cells among a dark cell system" in the
salivary duct
PAS and PAS cells vary in a reciprocal fashion (Fig. 3). In
metabolic acidosis, lib (PAS) cells decrease and even disap-
pear when PAST cells (lila and Ilib) increase. In metabolic
alkalosis, lIb cells increase when lila and IIlb cells diminish.
As land ha cells did not change, it can be assumed that Jib cells
could be either PAS (dark) in metabolic acidosis or PAS
(light) in metabolic alkalosis; in controls some are dark and
some appear light. The different responses of ha and lib cells to
changes in acid-base balance correspond to important morpho-
logical discrepancies between them, which was stated previous-
ly. As lib cells are PAS, devoid of cytoplasmic heterochromy
but transformable into lila cells, we suggest calling them
"potential dark cells." Together with lIla and hlIb cells, they
form a dark cell system, the maximum of which is visualized by
PAS in metabolic acidosis and the minimum by HALMI in
metabolic alkalosis (Fig. 3). The percentage of this cell popula-
tion is constant (Fig. 3), but there is a shift in staining affinity,
disclosed by PAS, in response to acid base disturbances. This
phenomenon is illustrated schematically in Figure 4.
Small
uniformly
distributed
along b.m.
Table 2. Different cell types of the epithelium of the main excretory duct of rat submaxillary gland in normal rats
Cell type Shape Nucleus PAS HALMI Classification Per 100 duct cells
Small
dense
oval
lIa Tall
cuboid
Ilb Narrow
Basal cells
Large
scarified
round
Small
dense
oval
lila
Ilib
true light cells
Light cells
29
6!
10
+
++ +
Dark cells
lib
Dark cell system
lila
Ilib
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Metabolic acidosis
PALVl
Control
Metabolic alkalosis
lila Dark cell
'I PAS HALMI
I lIb PotentialDark cell
Ia True light cell
411 I Basal cell
Fig. 4. Schematic representation of the distribution of salivary duct
cells under the three metabolic conditions. The degree of cytoplasmic
heterochromy within the dark cell population varies in response to acid-
base disturbances.
Dark cell system and transport of H7HCO3 in other organs
If the dark cell system of the salivary duct is involved in H/
HC03 transport, a similar structural-functional relationship
should exist in other epithelia where an identical transfer takes
place. In the toad urinary bladder, dark cells have in fact also
been demonstrated [12, 35] with an increase in number when
H secretion increases [12]. Similar morphological changes
coincide with H secretion in intercalated cells of the turtle
bladder [111 and in the parietal cell of the stomach [8—101.
In the kidney, dark (intercalated) cells have earlier been
related to the transport of chloride [36, 371, potassium [38—42],
or water [43]. In the present context we shall only discuss their
role in renal H7HCO3 transfer. However, buffer transport in
the kidney is much more complicated than in the above-cited
tissues and is not yet completely understood. A quantitative
evaluation of kidney dark cells (dark cell index, DCI) related to
HC03 reabsorption revealed an increase of the DCI in respira-
tory acidosis and metabolic alkalosis [2, 4—61. There was no
increase of DCI in metabolic acidosis. Since under free flow
conditions tubular H transport into the lumen is increased in
respiratory acidosis and metabolic alkalosis [44—49], the DCI
again parallels the rate of H transport. On the other hand, the
morphological phenomenon does not correlate with final H
excretion into the urine. Thus increased transcellular H trans-
port into the lumen but not the systemic acid-base condition is
the only common denominator in each case which is associated
with the morphological changes. It should be noted that cell
transformation is rapid with changes occurring within 2 hr and
entirely disappearing 24 hr after the normalization of the acid-
base disturbances. This indicates the close relationship of the
histological data and the regulatory role of the kidney in WI
HC03 transport. However, in a recent study utilizing light and
electron microscopy, Hansen, Tisher, and Robinson [71reject-
ed any change in morphology of distal tubular cells in response
to acid-base disturbances. This discrepancy with the observa-
tions by others in primary disturbances of acid-base balance [I—
6] as well as in alterations of K homeostasis associated with
acid-base disturbances [50—52] might have several technical
reasons, for example, the more proximal localization of studied
segments, the thickness of the sections (1 p. as compared to 3 p.
[1—5]), the staining methods (toluidine blue instead of Altmann's
fuchsin [1—5]), the number of counts (100 cells in 3 to 10 sections
as compared to 2,000 cells in 300 sections [1—51). It is therefore
conceivable that the different techniques in light microscopy or
the failure to recognize different forms of intercalated cells in
electron microscopy caused shifts in morphology to be either
not seen or to be interpreted as a change in number of cells.
The parallel between the rate of H transport and the number
of visible dark cells in many different epithelia (Table 3) is
consistent with an H secreting role of dark cells. The true light
cells (ha), which never participate in the described transforma-
tion, are very unlikely to be involved in H1HC03 transport
adaptation. Rather, these observations support the idea that the
morphologically different light (principal) cells are also func-
tionally different cell types operating Na reabsorption and K
secretion [50—52]. These structural and functional differences
between light and dark cells argue against the notion that there
is a gradual transformation from one cell type to the other.
Role of dark cells in K transport
Secretion of K ions by the salivary duct increased in
metabolic alkalosis but decreased in metabolic acidosis and is
thus related inversely to the number of dark cells. Since the
plasma K concentration in the rats remained constant during
the experiments and no significant change in the electrical
potential difference was observed, a coupling of K with W is
evident. The same type of coupling was observed in the toad
urinary bladder: An increase of dark cells is accompanied by an
increase in H secretion and K reabsorption [53] (Table 3).
It is speculative to compare these observations with those
found in the distal tubule and the collecting duct of the kidney.
With respect to electrolyte transport, urinary K excretion in
different acid-base situations [45, 54—58] is the result of bidirec-
tional transport. One component of net K transport is a strong
K secretion stimulated by mineralocorticoids [59, 60]. It is
accompanied by Na reabsorption and ascribed to the light
(principal) cells of the distal nephron [51, 521. The second
component is a weak K reabsorption, enhanced in K deple-
tion [57]. With respect to morphology, this condition was
shown to be associated with a marked increase in the luminal
surface area of the dark cells with no concomitant change in the
light cells [51, 52]. Rastegar et al [61] reported a decrease in the
number of renal dark cells in Ktadapted animals.
However, current evidence [51, 52] favors the view that in
the rat distal nephron the intercalated (dark) cells with apical
ultrastructural characteristics similar to those of salivary duct
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Table 3. Transport of H and K* in relation to dark ceilsa
Metabolic acidosis Metabolic alkalosis Respiratory acidosis
Dark Transport Dark Transport Dark Transport
Tissue cells H K cells H K cells H K
Salivary
duct f ,
Cortical
distal nephron Ir J\ t t
Toad urinary
bladder t
a The arrows refer to H and K transport into lumen or the mucosal side, respectively.
cells [13—15] constitute a constant cell population from the
connecting tubule through the outer medullary collecting tu-
bule. Just as with the salivary duct, changes in their structure
can occur. By using freeze-fracture electron microscopy, Stet-
son, Wade, and Giebisch [51] were able to distinguish two
different forms of the intercalated cell type in the rat kidney and
noted a shift from one form to the other in changes of potassium
homeostasis. The data suggest that kidney dark cells are
responsible for the reabsorption of K and also for the secre-
tion of H.
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